The engineering of artificial cells is one of the most significant scientific challenges. Thus, controlled fabrication and in situ monitoring of biomimetic nanoscale objects are among the central issues in current science and technology. Studies of transmembrane channels and cell mechanics often require the formation of lipid bilayers (LBs), their modification and their transfer to a particular place. We present here a novel approach for remotely controlled manipulation of LBs. Layer-by-layer deposition of polyethyleneimine and poly(sodium 4-styrenesulfonate) on a nanostructured TiO 2 photoanode was performed to obtain a surface with the desired net charge and to enhance photocatalytic performance. The LB was deposited on top of a multi-layer positive polymer cushion by the dispersion of negative vesicles. The separation distance between the electrostatically linked polyelectrolyte cushion and the LB can be adjusted by changing the environmental pH, as zwitterionic lipid molecules undergo pH-triggered charge-shifting. Protons were generated remotely by photoanodic water decomposition on the TiO 2 surface under 365 nm illumination. The resulting pH gradient was characterized by scanning vibrating electrode and scanning ion-selective electrode techniques. The light-induced reversible detachment of the LB from the polymer-cushioned photoactive substrate was found to correlate with suggested impedance models.
Introduction
One of the central issues of modern science and technology is to mimic the structure and, hence, properties of living systems by non-living matter [1] [2] [3] . Since compartmentalization is considered to be a critical step in the origin of life, obtaining and manipulating artificial lipid membranes draws much attention [4, 5] . In general, there are three model systems for studying cellular membranes [6, 7] : supported lipid bilayers (SLBs), giant unilamellar vesicles (GUVs) and black lipid membranes (BLMs). The presence of SLBs is the major drawback of supported membranes. It is unclear how support affects the structure, function and incorporation of membrane proteins. Using polymer-cushioned membranes partially reduces coupling with the support. The volatile nature of GUVs complicates their usage, while the spherical surface is also a disadvantage for some analytical techniques. Disadvantages of BLMs are that they have insufficient long-term stability and that residual organic solvents such as hexane are present in the membranes.
The approach of local release of free-standing bilayers proposed here may be employed for studying the properties of cellular membranes, for functional studies of membrane proteins such as ion channels, pumps and transporters and also for cell mechanics investigations. In the case of SLBs, the LB and support are held together by electrostatic interactions [8] . Since phospholipids are known to demonstrate pH-dependent charge-shifting behaviour [9] , biomimetic lipidpolyelectrolyte composites are strongly affected by the pH of the surrounding medium [10] . Based on neutron reflectivity data [11] [12] [13] , the lipid bilayer (LB) is firmly attached to the oppositely charged underlying support, which is made up of strong polyelectrolytes. At the isoelectric point, the components are repelled, and the interaction switches from attraction to repulsion. With a pH lower than the lipid molecule's isoelectric point, the separation distance between the lipid membrane and the polymer cushion increases [11] . Manipulating the interaction strength may also be useful for developing nanoactuators.
There are numerous strategies for modifying the pH of a solution [14] [15] [16] . A photochemical one is considered to be extremely promising because it allows pH changes to be performed remotely without chemical contamination. By irradiating the surface of semiconductors, acidity can be changed remotely and locally with high resolution [17] . Nanostructured titania (TiO 2 ) was demonstrated to be an extremely efficient photocatalyst [18] . It provides an effective and controllable way to transform electromagnetic energy into local pH change [17] . Effectively manipulating pH-sensitive soft matter deposited on TiO 2 was performed by 365 nm irradiation [19] [20] [21] .
In this article, we develop ideas that we have previously proposed [10] and introduce a novel approach to designing photostimulated adaptive biointerfaces. We have already demonstrated electrochemically triggered reversible LB liftoff from the underlying conducting substrates covered by polyelectrolytes via hydroquinone oxidation coupled with proton release (figure 1a). Here, we present light-triggered reversible LB lift-off from the underlying polymer-cushioned [22] photoactive anodized TiO 2 substrate, in which 365 nm light of 5 mW cm −2 intensity promotes the separation of electrons and holes. Under the field of the Schottky junction with the environment, holes reach the semiconductorenvironment interface and react with surrounding water media to form proton flux (figure 1b).
Phosphatidylcholine bilayers (LB) supported by a polyelectrolyte multi-layer (PEM) of polyethyleneimine (PEI) and poly(sodium 4-styrenesulfonate) (PSS) were obtained by the vesicle rupture [23] [24] [25] and layer-by-layer (LbL) technique [26] on top of TiO 2 . The light-induced activity and resulting proton concentration close to the surface under localized 5 mm irradiation were studied using a scanning vibrating electrode technique (SVET) and a scanning ion-selective electrode technique (SIET). We report here increasing the light-to-ΔpH conversion efficiency of a TiO 2 / PEM photoelectrode in comparison with bare TiO 2 . Electrochemical spectroscopy also revealed that, in the acidic conditions generated by photoelectrochemical water splitting, the LB impact impedance [27] [28] [29] of the TiO 2 / PEM/LB composite disappears. Owing to proton diffusion, the local pH returns to an initial bulk value when irradiation is switched off. As a result, the LB attaches back to the PSS/ PEI cushion, and we observed impedance growth.
Semiconductor surfaces covered by PEMs and LBs provide a unique platform for light-triggered remote manipulation of LBs. This approach seems to be promising for bilayer array patterning [8, 30] . Free-standing lipid membranes can be obtained for studying transmembrane proteins [31, 32] , modelling cell mechanics [33, 34] and studying flexoelectricity phenomena [35] . Creating free-standing lipid membranes would also be advantageous for cell culturing and tissue engineering [36, 37] .
Results and discussion

pH effects on lipid molecules
Depending on the intended application, the properties of vesicles may be optimized. Electrostatic interactions are key for vesicles' attraction to the underlying support, and, because of the short radius of curvature, small vesicles tend to rupture [23] . Thus, small charged vesicles are perfect for bilayer formation from vesicle dispersion. When prepared, lipid vesicles had a bimodal size distribution representing small unilamellar vesicles (100 nm in diameter) and large aggregates of vesicles (5 µm). Liposomes of the order of 10-100 nm in size are well suited for the deposition of lipid layers [38] . Usually, an extrusion procedure is used to obtain liposomes of the desired size [39] . Alternatively, centrifugation may be employed to obtain homogeneously sized, single-lamellar phospholipid vesicles [40] . Centrifugation was used to separate the large fraction of the lipid vesicles (figure 2a inset).
The small lipid unilamellar vesicle dispersion thus obtained in water ( pH 7) was strongly negative (ζ-potential approx. −35 mV) (figure 2a) and stable for weeks at 4°C [41] .
Taking the lipid charge into account, we covered the TiO 2 surface with PEM of (PSS/PEI) 3 Figure 1 . (a) Electrochemical generation of proton flux from the electrode-solution interface via a hydroquinone oxidation reaction, which is coupled with proton release. (b) Photoelectrochemical decomposition of water on the surface of photoexcited TiO 2 , due to the n-type conductivity of nanostructured Ti/TiO 2 photoexcited holes, is captured by surface states. Water splitting with proton release occurs at the TiO 2 -solution interface inside the irradiated spot, whereas electrons-being major charge carriers-are transferred to bulk titanium. (Online version in colour.)
can vary the strength of electrostatic interaction. Phospholipid molecules forming soy lecithin contain positively and negatively charged moieties, -PO − and N + R 3 , which can take part in equilibrium processes with H + and OH − (figure 2b),
Thus, the −PO − , −POH, N + R 3 and NR 3 OH groups are in equilibrium, and the pH and acid-base constants determine their concentration,
The pK a of the phosphate group on phosphatidylcholine was reported to be approximately 3.5 [42, 43] . Therefore, under neutral conditions, phosphate groups are deprotonated. The amine group of the phospholipids always remains in a positively charged state. In this case, some components of soy lecithin carry only a negative charge, which is not compensated by a positive amine group (e.g. phosphatidylinositol and phosphatidic acid). As a result, lipid structures are negative in neutral media. Under acidic conditions, a positive net charge of lipid vesicles is due to protonated phosphate groups (figure 2a). Consequently, the interaction mode between lipid assembly and underlying strong polyelectrolyte support (always positive) switches from attraction to repulsion, which varies the pH of the surrounding medium.
Multi-layer formation
When obtained, nanostructured TiO 2 has a tubular nanostructure (figure 3a). After PEM assembly composed of polycationic PEI and polyanionic PSS (figure 3b), superhydrophilic titania nanotubes with a water contact angle of 11°-12°( figure 3d) become less hydrophilic, with a contact angle of 35°( figure 3e). LB deposition yields better wettability with the TiO 2 /PEM/LB composite than with the TiO 2 /PEM architecture. During LB self-assembly, the hydrophobic hydrocarbon tails are inside the bilayer and the hydrophilic charged groups are outside (figure 3c), which determines more hydrophilic properties of lipid-covered substrates (figure 3f ). Surface roughness is a fundamental parameter, so the surface topography of the multi-layered structures under investigation was evaluated (figure 3g-i).
Atomic force microscopy (AFM) images were taken after each step of assembly to study the changes in morphology upon adsorption of polyelectrolytes and lipids on the surface of the titania nanotubes. In figure 3g , the formation of nanostructured dots is observed, which correlates with the nanotubular morphology of anodized TiO 2 found by scanning electron microscope (SEM) analysis (figure 3a). By contrast, the surface topography of the polyelectrolyte-covered specimen is flatter and smoother (figure 3h). Figure 3i shows a topographic image of the TiO 2 /PEM substrate after lipid vesicle adsorption. Figure 3i demonstrates surface features of larger diameter and with higher roughness than in figure 3h . The most likely explanation for the very large surface features in figure 3i is that these are lipid agglomerations on the surface of the PEM. At the same time, figure 3i also demonstrates a flat domain formation. This fact, together with the quartz crystal microbalance (QCM) data (figure 3c) demonstrating vesicle adsorption, rupture and fusion, proves the formation of LBs on selected areas of polyelectrolyte-cushioned nanostructured TiO 2.
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy can serve as an accessible approach to evaluate the process where lipid membranes are involved, as continuous LBs possess high impedance [28, 29, 42] . Under an open-circuit potential, no Faradaic processes occur, so elements of Ohmic resistance and capacitance are sufficient to describe the impedance of the electrochemical system. Electronic supplementary material, figure S1a demonstrates an equivalent electrical circuit describing the TiO 2 /PEM/LB composition. R E corresponds here to the Ohmic resistance of the electrolyte solution, R S , for the Ohmic resistance of the TiO 2 /PEM solid support, CPE S (CPE S = 1/4 exp(αjπ/2)/QωN, where j is the imaginary unit number, ω is frequency, and Q and N are independent frequency parameters). R LB and C LB are related to the Ohmic resistance and capacitance of LB, respectively. The contribution of the counter-electrode is also considered (R CE and royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 17: 20190740 C CE ). In the case of TiO 2 /PEM, the LB impact is excluded (electronic supplementary material, figure S1b). This model, which is based on an approximation of the distinct interfaces and the layered structure of the composite, allows us to describe processes at the PEM-LB interface with appropriate accuracy. Low resistances and the very large capacitances reported for the lipid layer of the composite multi-layer support the above interpretation of the AFM results (figure 3g-i) and demonstrate lipid aggregate deposition and partial bilayer formation on the rough surface of the polymer-cushioned TiO 2.
pH-responsive lipid bilayer
Electronic supplementary material, figure S2a demonstrates the impedance characterization of TiO 2 /PEM/LB under neutral conditions. The impedance characteristics of the TiO 2 /PEM/ LB composite changed dramatically when the surrounding medium reached pH 3 as a result of dilute HCl being added dropwise (electronic supplementary material, figure S2b). The equivalent circuit, without taking the lipid impact into account (electronic supplementary material, figure S1b), fits an experimental spectrum of TiO 2 /PEM/LB at pH 3 (electronic supplementary material, figure S2b ). Under neutral conditions, the LB has a significant impact on total impedance, represented by resistivity R LB and capacity C LB in parallel, and the equivalent circuit from electronic supplementary material, figure S1a should be employed to fit the experimental data. Relatively low resistance seems to be consistent with there not being perfect surface coverage. The fitting parameters are summarized in electronic supplementary material, table S1. These results demonstrate that the impact of the LB on the impedance of TiO 2 /PEM/LB disappears under acidic conditions. This means that the LB leaves the region of the TiO 2 /PEM diffuse double-layer electric field propagation. Protonation of lipid phosphate groups leads to charge-shifting from negative to positive. As a result, positive lipid membranes drift away from the TiO 2 /(PSS/PEI) 3 support, which has a positive PEI outer layer. Most likely, the protonated lipid layer, which is not very firmly attached to the positive underlying support, was swept away by fluid flow during solution exchange; this is why the disappearance of the lipid impact under acidic conditions was irreversible when the acidity of the surrounding medium was adjusted back to neutral pH by adding diluted NaOH solution. Impedance measurements for the TiO 2 /PEM composite were also taken to demonstrate the stability of the PEM (electronic supplementary material, figure S2c,d). Neither the impedance spectrum nor the equivalent circuit and best-fitting parameters undergo any significant changes when the environmental acidity changes from pH 7 to pH 3. A combination of R E , R S and CPE S may describe the TiO 2 /PEM impedance (electronic supplementary material, figure S1b), and the corresponding numerical values summarized in electronic supplementary material, table S1 do not vary significantly. Any minor differences in impedance between neutral and acidic conditions are due to a decrease in the Ohmic resistance of the solution as a result of the increase in concentration of the conducting protons. This behaviour corresponds to vesicle adsorption followed by their rupture and release of the water contained inside. Simultaneously there is a sharp increase in the dissipation factor followed by its decrease, which corresponds to a highly rough surface due to vesicle adsorption followed by formation of a continuous bilayer after vesicle rupture, fusion and reorganization. Light-initiated water splitting on a nanostructured titania photoanode enabled us to shift pH from the initial 6.5-7 to 4.5 (figure 4c). It was previously reported that PEI works like a proton sponge and leads to a more pronounced pH gradient on the surface of the illuminated TiO 2 [44] . SVET and SIET gave insight on the effects of a (PSS/PEI) 3 multilayer on the photocatalytic performance of the underlying TiO 2 . We revealed that the PEM of (PSS/PEI) 3 Figure 5b demonstrates a rapid photocurrent response at the very moment that irradiation occurs, and current density returned to dark values immediately after turning off the irradiation.
In accordance with the current density maps, the steadystate current density value for TiO 2 /(PSS/PEI) 3 is twice as high as that for the bare photoactive substrate, and for TiO 2 /(PSS/PEI) 3 /LB it is twice as low. As one may see for TiO 2 /(PSS/PEI) 3 and TiO 2 /(PSS/PEI) 3 /LB, the photocurrent is stable with time. Thus, the PEM and LB are not degraded by irradiation at least during 20 min of irradiation. Figure 5c demonstrates the pH evolution with time of irradiation. For TiO 2 as well as for TiO 2 /(PSS/PEI) 3 , the pH drops rapidly the moment illumination is turned on and gradually decreases within the next 10 min; it then stabilizes at approximately 4.5 and 3.5-4, respectively. After 20 min in 'darkness', the local proton concentration close to the irradiated area decreases. Thus TiO 2 /(PSS/PEI) 3 provides a platform for reversible manipulation of the pH-sensitive matter assembled on top of it.
Experimental impedance spectra of TiO 2 substrates coated with a (PSS/PEI) 3 There is a redistribution of excess protons throughout the solution after the light is turned off (figure 5c). Lipid molecules at pH close to neutral return to the initial negative non-protonated state, and the LB is attracted back to the oppositely charged underlying support (figure 7a). The best-fitting parameters are presented in electronic supplementary material , table S3 .
Thus, reversible lift-off of the lipid membrane from the underlying support can be performed by alternating periods of irradiation and relaxation in 'darkness'. Apart from the solution exchange method of pH adjustment, the photoelectrochemical one is not associated with any significant fluxes that are able to remove protonated lipid molecules that are loosely bonded to a positive polymer cushion.
The LB on top of the TiO 2 /PEM substrate shows resistive behaviour (approx. 120 ohm). Immediately after 20 min of UV irradiation, the impedance was observed to be two times lower under the same conditions. After 20 min of relaxation, the impedance increased to 100-110 ohm (figure 8a). During further cycles of irradiation and relaxation in 'darkness', the oscillating behaviour of impedance was observed. Figure 8b demonstrates the oscillatory behaviour of impedance during light on-off cycles. pH oscillations take place as a result of local proton release and their diffusion during irradiation and relaxation in darkness, respectively. As a result, oscillations of the lipid molecule's charge and the strength of the electrostatic forces between the LB and its underlying support occur. Sustainability of the LB and reversibility of the process were demonstrated for at least 10 cycles.
A platform for encapsulation
Light-controlled manipulation by the LB described above provides an instrument to capture species from solution and 'encapsulate' them under a LB. To prove this concept, we performed encapsulation of a model electroactive probe under a LB and tested the efficiency of encapsulation by electrochemical methods. A TiO 2 /PEM/LB composite photoelectrode was immersed in a solution of [Ru(NH 3 ) 6 ] 3+ , being a model electrochemical probe [46, 47] , and a cyclic redox process was carried out. Owing to incomplete coating with the LB, the TiO 2 The reason for this is the inequality of the diffusion of the differently charged cations to the electrode surface, carrying a net negative charge under neutral conditions. In accordance with the results stated above, the oxidized form of the cation tends to be closer to the electrode surface. As a result, the cathodic current is more pronounced in the cycling process.
Under irradiation, proton generation at the TiO 2 -solution interface occurs. Lipid molecules capture photogenerated protons. Consequently, the lipid layer recharges and detaches from the supporting polyelectrolyte layers. As a result, electroactive cations are pushed away from the electrode surface following electron transfer suppression. Cathodic current decays much more quickly than an anodic one. The diffusion-controlled process which follows the linear dependence of peak current on v 1/2 (v-scan rate, demonstrated only for anodic current because for cathodic determination of the baseline is difficult because of the preceding peak) (electronic supplementary material, figure S3c,e). After irradiation of the TiO 2 /PEM/LB photoanode, a slight increase in the peak amplitude was observed, and linear dependence of the peak current on v relates to the adsorption kinetics (electronic supplementary material, figure S3d,e). A set of control experiments was performed (electronic supplementary material, figure S4 ). Thus, capturing and encapsulation of soluble species can be achieved by irradiation of TiO 2 /PEM/LB composites in solutions.
Conclusion
Phospholipids are known to be charge-shifting molecules sensitive to pH. Thus, it is possible to affect the coulombic forces determining the interaction of lipids with a charged underlying support. As it is negative in neutral media, a phosphatidylcholine bilayer was deposited on a positive PEI capping layer of a polyelectrolyte cushion on nanostructured TiO 2 . Owing to protonation of the phosphate group, lipids become less negatively charged, and the strength of the electrostatic attraction weakens. Consequently, the separation distance between the LB and its underlying support increases. Impedance spectroscopy measurements were employed to demonstrate this effect. It was demonstrated that the LB impact on the impedance of a TiO 2 /PEM/LB composite disappears with an increase in proton concentration, evidencing lipid layer lift-off from support. A new approach for a light-controlled free-standing lipid membrane fabrication is presented here. Because of anodic water photolysis on the surface of the TiO 2 /PEM, the pH of the surrounding medium adjusted to the irradiated spot decreased to approximately 3.5-4 from an initial 7 and reversible LB lift-off from the irradiated TiO 2 /PEM composite was observed.
Experimental section 4.1. Chemicals and materials
Branched PEI (M w 70 kDa) 30% water solution was purchased from Alfa Aesar, PSS (M w 500 kDa) was purchased from Polysciences Inc. Liquid soy lecithin (Lecisoy 400) was obtained from Cargill, USA. Reagent grade NaCl (99.5%) was obtained from Merck and hexane from Ekos-1, Russia. All chemicals were used as received without any purification. Titanium plates (99.6% purity) with a thickness of 1 mm were used. [Ru(NH 3 ) 6 ]Cl 3 from Sigma Aldrich was used as an electrochemically active probe. Titania nanotubes were obtained by anodization of Ti plates etched in HF:HNO 3 1 : 2 solution. Ti plate was used as an anode and Pt plate of the same area as a cathode. Electrolyte solution contained 0.75 wt% of NH 4 F and 2 wt% of distilled water in ethylene glycol. Anodization was carried out at a constant voltage of 40 V for 1 h, followed by 10 min ultrasonication in 1M HCl. After the second anodation in the same conditions, substrates were kept under ethanol overnight and annealed at 450°C for 3 h.
Nanoarchitecting of TiO 2 /PEM and TiO 2 /PEM/LB multi-layered films
For the preparation of the small lipid unilamellar vesicle dispersion, the following procedure was performed. Soy lecithin solution in hexane (10 mg ml −1 ) was kept under vacuum for solvent evaporation for at least 3 h. After removing any hexane traces, a thin lipid film was obtained on the vessel bottom. This film was rehydrated with distilled water to a final 10 mg ml −1 concentration with simultaneous sonication in an ultrasonic bath for 15 min. To determine the size and the charge of the prepared vesicles, dynamic light scattering and ζ-potential measurements were conducted on a Photocor Compact-ζ analyser. Separation of different sized fractions of lipid vesicles was performed by centrifugation at 14 000 r.p.m. for 20 min. The polyelectrolyte cushion was deposited using the classical LbL technique. PEI as a polycation solution and PSS as a polyanion solution were prepared by dissolving 2 mg ml −1 in a 0.5 M solution of NaCl in deionized water. Six layers were deposited on titania nanotubes under a vacuum, resulting in the PEM architecture (PSS/PEI) 3 . Each deposition was followed by rinsing with water.
To obtain TiO 2 /PEM/LB with an embedded electroactive [Ru(NH 3 ) 6 ] 3+ probe, after each layer of PSS the specimen was immersed in 0.5 mM [Ru(NH 3 ) 6 ]Cl 3 solution in 0.5 M NaCl for 20 min under a vacuum.
Polymer-modified substrates were immersed in a 10 mg ml −1 dispersion of small lipid unilamellar vesicles for 1 h to obtain a LB on top of the polyelectrolyte cushion. Vesicles attached to the oppositely charged surface of the PEM then ruptured, fused, and spread on the surface, forming a continuous bilayer. The procedure described was followed by rinsing with ionized water. As prepared, TiO 2 /(PSS/PEI) 3 and TiO 2 / (PSS/PEI) 3 /LB were kept under water before further measurements. Each stage of multi-layer deposition was followed by QCM measurement using a Q-Sense AB (Sweden), AFM studies were carried out with a Solver Next microscope (Russia), and water contact angles were measured using drop shape analyser (Kruss DSA25, Germany).
Local photoelectrochemical study
Photocatalytic activity of nanostructured titania and acidity changes inside the irradiated spot close to the TiO 2 surface were studied by SVET and SIET.
SVET here is a unique tool to characterize the photoanodic activity and local ionic currents in solution. SIET measures gradients of ion concentrations. High precision and spatial resolution may be achieved for both methods.
The system from Applicable Electronics (USA) under control of the ASET program (Sciencewares, USA) was used to perform SVET and SIET measurements. SVET and SIET measurements were performed on samples glued to an epoxy support.
Adhesive tape was used to insulate each sample, leaving a 0.25 cm 2 window exposed to the electrolyte solution.
As a vibrating probe for SVET experiments, insulated Pt-Ir microprobes (Microprobe Inc., USA) with a platinum black spherical tip of 30 µm in diameter were applied. The probe vibrated in two directions parallel and perpendicular to the specimen surface and 150 µm above it. The amplitude of vibration was 30 µm; vibration frequencies of the probe were 136 Hz ( perpendicular to the surface) and 222 Hz ( parallel to the surface). The only perpendicular component was used for treating and presentation of data.
The local pH measurements were carried out using glass capillary microelectrodes with an apex tip diameter of 2 µm that were prepared from borosilicate glass capillaries with an outer diameter of 1.5 mm. Capillaries were silanized by injecting 200 µl of N,N-dimethyltrimethylsililamine in the glass preparation chamber at 200°C before filling. Silanized capillaries were filled with Hydrogen Ionophore I Cocktail B (Sigma), which served as a proton-selective membrane, and 0.1 M KCl + 0.01 M KH 2 PO 4 internal solution. Ag/AgCl/KCl (sat) was used as an external reference electrode. The pH-selective microelectrodes were calibrated using commercially available pH buffers and demonstrated a linear Nernstian response −53 to −55 mV pH −1 in a pH range from 4 to 8. The local activity of H + was detected 25 µm above the surface.
A low-intensity (5 mW cm −2 ) light-emitting diode (365 nm, ThorLabs) focused in a spot (approx. 0.5 mm 2 ) was used to trigger photo-induced processes.
The local pH and ionic current density were mapped on a 15 × 15 grid in a 0.05 M NaCl solution under open-circuit potential conditions. The time evolution of the photocatalytic processes was measured at one point in the centre of the irradiated spot. The time of acquisition for each SVET and SIET data point was 0.6 and 2.5 s, respectively.
Electrochemical impedance spectroscopy measurements
Electrochemical measurements were performed using a Compactstat instrument (Ivium, Netherlands) in a quartz three-electrode electrochemical cell with a volume of approximately 50 ml filled by 0.05 M NaCl. TiO 2 substrates covered by a LB and/or PEM were used as working electrodes, Pt wire served as a counter-electrode, and Ag/AgCl/3M KCl served as the reference electrode. Impedance spectra for frequencies between 1 Hz and 1 kHz with an AC modulation amplitude of 5 mV were recorded at a bias potential set equal to the open-circuit potential of the working electrode. The surface of the samples exposed to electrolyte was also 0.25 cm 2 . Experiments were performed in 0.05 M NaCl on TiO 2 /PEM and TiO 2 /PEM/LB at pH 7 and pH 3, adjusted by dilute HCl, and later at bulk pH 7 before and after UV irradiation. Impedance data were treated as Bode plots, and fitting procedures were performed by equivalent circuit analysis mode of the standard Ivium software.
Cyclic voltammetry
CV experiments were performed using a PalmSence4 potentiostat. TiO 2 substrates covered by a LB and/or PEM were used as working electrodes, Pt wire was used as a counter-electrode, and Ag/AgCl/3M KCl served as the reference electrode. Potential cycling from −1 to 1 V was performed with a scan rate of 70 mV s −1 in 0.5 M NaCl and also in the presence of 0.5 mM [Ru(NH 3 ) 6 ]Cl 3 as the electroactive probe. Measurements were carried out before irradiation and after irradiation by 365 nm LED for 20 min, and after 20 min of relaxation in darkness. For each condition, four consecutive scans were obtained; the fourth was used to represent the data. To follow the time evolution of the current during irradiation and relaxation 20 consecutive cycles were obtained, and the peak current changes were tracked. For the kinetic study, the scan rate was varied from 5 to 150 mV s −1 , and the peak current was plotted against the scan rate.
Statistical analysis
Acidity data were recalculated from the measured electrochemical potentials in accordance with calibration. All other data are presented as obtained. For microelectrode mapping, each experiment was reproduced three times; one of the typical maps is given. One of five characteristic impedance spectra is also provided for each studied system. Numerical values extracted from impedance fitting are expressed as mean ± s.e.m., n = 5.
Data accessibility. The authors confirm that the data supporting the findings of this study are available within the results section of this paper and its electronic supplementary material.
